Introduction
Barmah Forest virus (BFV) is the second most common mosquito-borne disease in humans in Australia, and causes an epidemic polyarthritis-like disease known as BFV disease (Flexman et al. 1998; Mackenzie and Smith 1996) . The symptoms of BFV include fever, arthritis, arthralgia and rash, and may include rheumatic pain in and around the joints and muscles, and difficulty in moving thus leading to polyarthritis (Flexman et al. 1998) . The disease is non-fatal and affects all age groups irrespective of gender. The incubation period is about 7 to 10 days (Fraser and Cunningham 1980) .
Barmah Forest virus was isolated in 1974 from
Culex annulirostris Skuse mosquitoes collected in the Barmah Forest near the Murray River in northern Victoria (Marshall et al. 1982) . It was then subsequently isolated from mosquitoes in Queensland in 1974 , in Western Australia in 1989 (Lindsay et al. 1995 ), in Northern Territory in 1974 and 1976 (Standfast et al. 1984 , and from a number of species between 1984 and 1992 (Whelan and Weir 1993a . It has also been isolated from numerous other mosquitoes, including the coastal salt marsh species Ochlerotatus vigilax (Skuse) (sub-tropics to tropics) and Ochlerotatus camptorhynchus (Thomson) (temperate). Barmah Forest virus was first shown to infect humans in New South Wales in 1986 (Vale et al. 1986 ) and was reported as a cause of clinical disease in humans in 1988 (Boughton et al. 1988) . The first outbreak of BFV disease occurred at Nhulunbuy in the Northern Territory in 1992 (Merianos et al. 1992 ) and subsequent outbreaks have been reported from various parts of Australia (Doggett et al. 1999; Lindsay et al. 1995; Passmore et al. 2002) . Australian native animals such as kangaroos, possums, marsupials (Kay et al. 2007; Kay et al. 1982) and some birds (Kay et al. 1982) are the main hosts for the transmission of BFV disease.
BFV is an increasing disease and notifications have now been reported in every state across Australia, particularly in subtropical and tropical regions (Jacups et al. 2008) . During 1995 During -2007 , there were 14 395 BFV notifications in Australia (national annual average incidence: 3.78/100,000 population), the majority of which were reported in Queensland (N =7272) (Queensland Department of Health 2008).
Seasonality plays an important role in the disease transmission with a peak in summer and autumn, and lower transmission in winter and spring (Kay 2002) .
The transmission cycles of BFV appear to be determined by many factors including the virus-carrying mosquitoes and its reservoir hosts, the vector population, the human population, and social and ecological conditions (Boughton et al. 1984; Hills and Sheridan 1997; Kramer et al. 1983; Lindsay and Mackenzie 1997; Mackenzie et al. 1994; Phillips et al. 1992; Russell 1995) . Climatic factors such as temperature, rainfall and humidity, at local and regional levels, directly affect mosquito abundance, breeding and survival of mosquitoes and the extrinsic incubation period of the virus (Gatton et al. 2005; Hu et al. 2007; Kelly-Hope et al. 2004b; Tong et al. 2005; Woodruff et al. 2006) . Tidal factors are also important in the transmission of BFV disease (Naish et al. 2006) . However, other socio-economic factors including human behaviour and lifestyle as well as immunity levels may also be involved in the transmission of BFV disease (Gatton et al. 2005; Hu et al. 2007; Kelly-Hope et al. 2004b; Tong et al. 2005; Woodruff et al. 2006) .
Previously, we have studied the potential linkages between environmental factors and BFV in the Gladstone region of Queensland, Australia (Naish et al. 2006) .
In this study, we extended the previous research to examine the impact of climate, socio-economic and tidal factors on the transmission of BFV disease in six coastal cities in Queensland, Australia.
Methods

Study area
Queensland is the second largest state of Australia (after Western Australia), located in the north-east of the country. It covers approximately 1 727 000 km 2 , with 9 800 km of coastal line, including islands. Lying generally between 10° and 29° south of the equator, it ranges from the temperate and densely populated southeast to the tropical, sparsely populated Cape York Peninsula in the north. Its population was 3 904 532 on 31 July 2006. The study included six coastal cities in Queensland:
Brisbane, Bundaberg, Cairns, Gladstone, Mackay and Townsville (Figure 1 ).
[Insert Figure 1 about here]
Data collection
The computerised data set of notified BFV cases in Queensland for the period January 1992 to December 2001 (10 years) was obtained from the Queensland Department of Health. Because of the typically low numbers of daily and weekly cases, we calculated the total monthly counts based on the daily data (Abeku et al. 2004; Hu et al. 2004) . Climate data originally consisted of daily maximum and minimum temperature ( o C), rainfall (cm) and relative humidity (%) at 9 am and was provided by the Australian Bureau of Meteorology. Semi-diurnal data on daily high and low tide (cm) were provided by Queensland Department of Transport. The tidal pattern is semi-diurnal usually with two high and two low tides in each period of 25 hours and 50 minutes. We calculated the average monthly high and low tides by aggregating the two daily high and low tides. Population data and values of a socioeconomic index for areas (SEIFA) for the study period and locations studied 
Data analysis
An initial exploratory analysis of the BFV data, climate and tidal variables, SEIFA indexes and population factors was carried out to characterise each variable.
The monthly incidence rates of BFV disease were calculated using monthly counts of BFV as the numerator and the population size (resident population estimate) in the middle of each year from the 2001 census as the denominator. Spearman correlation coefficients (Snedecor and Cochran 1989) were used to assess the relationships between the monthly incidence rates of BFV disease and each independent variable in the current month and also over a range of time lags as lag effects are likely to be important in relation to the influence of socio-environmental variables on BFV transmission (Hu et al. 2004; Naish et al. 2006; Tong and Hu 2001) . The Spearman correlations showed that the incidence rates of BFV were statistically significantly associated with climate and tidal variables in the current month, and at lags of 1 and 2 months. Therefore, the correlations between the climate variables with a moving average of 1 -2 months and BFV incidence were also calculated.
The relationship between climate variables and BFV was determined further by taking anomalies of all the variables form the annual cycle as there was a strong seasonal cycle in the climate variables and BFV incidence. To remove the annual cycles, the monthly anomalies of each of the climate variables and monthly BFV cases for each city was calculated first (anomalies = observations -mean (calculated from the 10 years data available)) and then Spearman correlations were calculated between the anomalies of BFV incidence rates and climate variables. Similarly, monthly anomalies of each of the climate variables and monthly BFV cases for six coastal cities on average were calculated first and then Spearman correlations between the anomalies were calculated.
Generalised linear models (GLMs) using the negative binomial distribution with a log link function were used to explore the risk factors for the transmission of BFV disease as the BFV data were overdispersed (McCullagh and Nelder 1989) . We used the original BFV cases (count) as the dependent variable and the seasonality (seasons of the year) and LGA (coastal city) as factors (both categorical). Population size was used as an offset in all the models. SEIFA value for each city was different which reflects the different state of socio-economic status in each city. However, SEIFA value does not change much from year to year in any city. We used the average annual SEIFA value for each city. The explanatory variables (predictors) included were the current month and a moving average of lags 1 -2 months of climate and tidal variables (maximum and minimum temperature, rainfall, relative humidity high and low tides) and SEIFA index.
Multicollinearity between independent variables was assessed using Spearman rank correlation. Those variables with a Spearman rank correlation lower than 0.75 were included in the same model (Bland 2000; Gujarati 2003; Zar 1999) . A series of different models were calculated using various sets of predictors.
A number of generalised linear models (GLMs) were calculated to find the model with the best fit to the data. The Akaike's Information Criterion (AIC) value was used to measure how well the model fitted the data -viz., the smaller the AIC value the better the model (Hair et al. 1998; Wuensch 2006) . Pearson chi-square and deviance test statics were calculated to measure the model's goodness-of-fit (Hair et al. 1998; Lawless 1987; McCullagh and Nelder 1989) . The omnibus likelihood ratio test was also applied to check each model's fit (Spinelli et al. 2002 ) . Data analyses were conducted using SPSS for Windows (version 16) (Statistical Package for Social Sciences 2008) and the statistical significance level was set at 5% for two tails. Table 1 provides descriptive information about the incidence of BFV infection and climatic, tidal and seasonal variables. BFV infections appeared to vary with season, peak in autumn and were relatively infrequent in winter in these coastal areas.
Results
BFV transmission
[Insert Table 1 about here] [Insert Figure 2 about here] Figure 3 shows that BFV transmission was low in 1992 and peaked in 1996.
The patterns of BFV transmission appeared to be similar for all the six coastal cities, and therefore the data from each city were aggregated to assess the relationship between socio-environmental factors and BFV incidence.
[Insert Figure 3 about here]
Correlation between predictors and BFV incidence
Spearman correlation coefficients between the incidence of BFV and the climate variables were calculated. The results of these analyses show that all the climate and tidal variables except rainfall were positively and statistically significantly associated with the monthly incidence of BFV at lags of 0 -, 1 -and 2 -months (Table 2) individually. Likewise, a positive and significant relationship was observed between the monthly incidence of BFV and the moving averages of lags 1-and 2 -months of all the climate and tidal variables (Table 2) .
[Insert Table 2 about here]
Correlations among the climate and tidal variables (Table 3) indicate that maximum and minimum temperatures were highly positively (r s = 0.81) correlated with each other. Similarly, high and low tides were highly negatively (r s = -0.80) correlated with each other. Therefore, maximum and minimum temperatures and, high and low tides were included separately in the models to avoid multicollinearity.
Correlations between all other predictor variables were not strong (|r s | ≤ 0.54).
[Insert Table 3 about here]
Correlations between the anomalies of incidence rates of BFV and climate and tidal variables of individual cities indicate that there were statistically significant relationships between some of the climate and tidal variables and BFV (Table 4) . For example, in Brisbane, the anomalies of incidence rates of BFV were statistically significantly associated with relative humidity, low tide and high tide. When correlations were calculated for all the six cities on average, the anomalies of incidence rates of BFV were statistically significantly associated with maximum temperature, minimum temperature, relative humidity, low tide and high tide (Table   4) .
[Insert Table 4 about (Table 5 ).
[Insert table 5 about here]
Discussion
In this study, we assessed the key predictors of BFV transmission in six coastal cities, Queensland, Australia. The results of this study suggest that temperature, high tide and socio-economic conditions are key risk factors in the transmission of BFV disease. Hence, these variables may be useful for predicting the transmission of BFV disease in the Queensland coastal region.
We found that maximum temperature at a moving average of lags 1-2 months had a significant influence on the transmission of BFV disease. Higher temperatures can speed up the rate of larval development, with adults emerging faster than at lower temperatures (Doggett et al. 1999; Gatton et al. 2005; Hu et al. 2006; Jacups et al. 2008; Kelly-Hope et al. 2002; Kitron 2000; Naish et al. 2006; Patz et al. 2005; Tong et al. 2005; Woodruff et al. 2006) , and this may increase the likelihood of transmission and BFV outbreaks. Previous studies have shown that mosquitoes exposed to higher temperatures after ingestion of virus become infectious more rapidly than mosquitoes of the same species exposed to lower temperatures (Hardy 1988; Jacups et al. 2008; Mackenzie et al. 1994; Naish et al. 2006; Russell 1995) . In addition, temperature strongly influences the length and efficiency of mosquito incubation periods and the survival of adult mosquitoes (McMichael 2003; Naish et al. 2006; Reeves et al. 1994; Russell 1995; Russell 1998b) .
Like other vector-borne diseases, the lagged effect is important in assessing socio-environmental predictors of BFV transmission. In this study, we found that the lags of 1 and 2 months were important. Such delays are consistent with the development of mosquitoes, the external period of incubation of BFV within mosquitoes, and the incubation period of the virus in the host (Lindsay and Mackenzie 1997; Mackenzie et al. 2000; Russell 1995; Russell 1998b; Russell and Kay 2004) .
The existence of these lags will facilitate public health interventions to control and prevent BFV outbreaks.
Our There are three strengths in this study: (1) to the best of our knowledge, this is the first attempt to assess the predictors of BFV transmission using a range of socioenvironmental factors; (2) this study included multiple locations from densely populated areas in Queensland; and (3) This study also has some limitations, including: (1) the data were collected from national disease surveillance system. The quality of the data may vary with time and place. Thus, this may impact the study results and cause some non-differential bias. (2) We were unable to analyse the association between socio-economic factors and BFV transmission in inland areas because tidal data are unavailable in these areas.
(3) Further, climatic and social factors may be only part of the important parameters, and some other factors (eg, host, virus and mosquito species) may also be important.
However, these data were not readily available.
In conclusion, our study shows that the climate and socio-economic factors were associated with transmission of BFV disease in coastal areas, Queensland. The models developed in this study may be used by disease surveillance and risk managers as an additional tool in the control and prevention of BFV disease and other widespread mosquito-borne diseases. 
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